Background: Although the presence of seizures in dogs with meningoencephalitis of unknown origin (MUO) has been associated with shorter survival times, data regarding the prevalence and risk factors for postencephalitic epilepsy (PEE) is lacking. Objectives: To describe the clinical features, prevalence, risk factors, and long-term outcome of PEE in dogs with MUO. Animals: Sixty-one dogs with presumptive diagnosis of MUO based on the clinicopathological and diagnostic imaging findings. Methods: Retrospective study. Cases were identified by search of hospital medical records for dogs with suspected or confirmed MUO. Medical records of dogs meeting inclusion criteria were reviewed. Signalment, seizure history, clinicopathologic, and magnetic resonance imaging (MRI) findings were recorded. Results: Among 61 dogs at risk of PEE, 14 (23%) dogs developed PEE. Three of 14 dogs with PEE (21%) developed drug-resistant epilepsy. Dogs with PEE were younger (P = .03; OR adjusted = 0.75; 95% confidence interval [CI], 0.58-0.98) and had significantly shorter survival times (log-rank test P = .04) when compared to dogs that did not develop epilepsy. The risk factors associated with the development of PEE were the presence of acute symptomatic seizures (ASS; P = .04; OR adjusted = 4.76; 95% CI, 1.11-20.4) and MRI lesions in the hippocampus (P = .04; OR adjusted = 4.75; 95% CI, 1.07-21.0).
| INTRODUCTION
Meningoencephalitis of unknown origin (MUO) is a common immunemediated, inflammatory central nervous system (CNS) disease in dogs.
The term MUO encompasses all clinically diagnosed cases of granulomatous meningoencephalomyelitis (GME), necrotizing meningoencephalitis (NME), and necrotizing leucoencephalitis (NLE). [1] [2] [3] In the absence of histopathologic confirmation, presumptive diagnosis can be established based on the combination of clinicopathological and advanced imaging findings. [1] [2] [3] [4] Affected animals might display various neurological signs including seizures. Furthermore, meningoencephalitis can present with seizures not only in the early stage of the disease but can also lead to the later development of epilepsy.
Epilepsy is a complex disease characterized by recurrent unprovoked epileptic seizures. 5, 6 Due to different underlying mechanisms as well as prognosis, it is important to distinguish acute symptomatic seizures (ASS) from late unprovoked seizures. 7, 8 ASS are events occurring in close temporal association with an acute or an active CNS insult, whereas unprovoked seizures occur in the absence of a triggering condition or beyond the interval estimated for the occurrence of ASS. 9, 10 In human medicine, the prevalence of postencephalitic epilepsy (PEE) varies between studies, ranging from 6.1% to 46.5% [11] [12] [13] [14] [15] [16] and, a substantial number of patients are refractory to antiepileptic drug (AED) treatment. [15] [16] [17] [18] [19] [20] Acute symptomatic seizures are 1 of the major risk factors for the development of PEE across different studies from human medicine. 11, 15, 16 Furthermore, certain MRI features such as T2-weighted fluid attenuation inversion recovery (T2-FLAIR) abnormality of mesial temporal structures, cortical and subcortical involvement, as well as gadolinium contrast enhancement are predictive of PEE in patients with infectious and autoimmune encephalitis. 15, 16 Although the presence of seizures in dogs with MUO has been associated with shorter survival times, [21] [22] [23] [24] little is known regarding predictors of seizures and PEE. Therefore, the aims of this study were to report the clinical features, prevalence, risk factors, and long-term outcome of PEE in dogs with MUO. We hypothesized that dogs with ASS and MRI cortical involvement would be at a higher risk of developing PEE and that dogs with PEE would have shorter survival times. The terms used for search were meningoencephalitis, meningoencephalitis of unknown origin, MUO, granulomatous meningoencephalomyelitis, GME, necrotizing meningoencephalitis, NME, leucoencephalitis, NLE, encephalitis, and meningitis.
| MATERIALS AND METHODS

| Case selection
A presumptive diagnosis of MUO was based on guidelines proposed by Granger et al. 3 Dogs met inclusion criteria if they had (1) complete medical history (2) suspected focal, multifocal, or diffuse intracranial lesion based on the neurologic examination findings,
(3) evidence of single, multiple, or diffuse lesion on MRI performed at presentation, (4) inflammatory cerebrospinal fluid (CSF) analysis performed at presentation, and (5) dogs with GME, NME, NLE confirmed by histopathologic evaluation only had to have available medical records including history, ancillary tests results, and MRI. Dogs were excluded if they (1) were diagnosed with eosinophilic meningoencephalomyelitis, (2) were diagnosed with strictly spinal meningomyelitis, (3) had only the optic form of MUO (4) or had infectious meningoencephalitis, (5) had experienced a prior neurological insult, (6) had a history of seizures, (7) had an underlying disease which could result in reactive seizures, and (8) were lost to follow-up.
The minimum duration of follow-up was 12 months since the documented diagnosis of MUO or until death.
| Data collection
Data retrieved from the medical records was as follows: signalment, history, and physical and neurologic examination findings. The presence or absence of seizures before diagnosis and within the first week of diagnosis, seizure type (generalized or focal), frequency, and sever- 25 All MRI studies were performed using a 1. Bilateral, evenly and diffusely distributed symmetrical and non-contrast-enhancing changes were classified as postictal. The presence of concomitant postictal changes in piriform lobes and cingulate gyri, with the same MRI signal characteristics of hippocampus, was used to support the classification of hippocampal changes as postictal. 26, 27 If the hippocampus was involved in the borders of an ipsilateral lesion, it was considered to be lesion-related. Lesions were described as focal, multifocal, or diffuse and unilateral or bilateral. Margins were classified as well-or ill-defined. Distribution within white and gray matter, cortical involvement, and the presence of T2-FLAIR perilesional edema were assessed. Gadolinium contrast enhancement was described as parenchymal, meningeal, or both. The degree of contrast enhancement was subjectively classified as mild, moderate, and severe. The presence or absence of mass effect, loss of cerebral sulci, and the presence and type of brain herniation (foramen magnum or caudal transtentorial) were recorded. Dogs were divided into 2 groups, those with ASS and those without ASS. All cases were followed up until death or for at least 12 months since the diagnosis of MUO. At follow-up, information regarding the presence of seizures, seizure type, and the use of AED was gathered from hospital medical records alone, from medical records requested from referring veterinarian alone, or both hospital and referring veterinarian records, and if available from the owner. Both the veterinary surgeon and the owner were contacted by telephone, email, or by both. If available, additional data were obtained using a PEE questionnaire (enclosed in Appendix S1), which was posted to all owners.
The type and duration of treatment, the presence of a relapse, survival times, and the cause of death were also recorded.
| Study definitions
Acute symptomatic seizures were defined as seizures preceding or occurring within 1 week of documented diagnosis of MUO. Seizures associated with relapse of MUO and occurring before or after 7 days of relapse of MUO were classified as reappearing symptomatic seizures. In the absence of diagnostic imaging studies, CSF analysis, or both diagnostic tests, the relapse of MUO was diagnosed based on the recurrence of previously described neurological deficits or development of new signs of neurological disease.
Late unprovoked seizures were defined as seizures occurring 1 week after documented diagnosis of MUO and not associated with a relapse of MUO. 9, 10, 28 Postencephalitic epilepsy (PEE) was defined as recurrent unprovoked seizures. 5, 6, 29 Drug-resistant epilepsy was defined as the persistence of uncontrolled seizures despite ≥2 appropriate AEDs at last follow-up. 30, 31 Cluster seizures were defined as 2 or more seizures within 24-hour period. Status epilepticus was defined as greater than 5 minutes of continuous seizure activity or 2 or more seizures between which there is incomplete recovery of consciousness. 6 Status epilepticus was considered refractory if it failed to respond to the first-and second-line treatments. 32 
| Statistical methods
Numerical variables were presented as a median and interquartile range (IQR), and categorical variables were presented as a count and percentage in a group. Confidence intervals (CIs) for proportions were calculated using Wilsons's score method.
Risk factors for the occurrence of ASS and PEE were first identi- 
| Description of study population
One hundred eighty-eight cases with suspected meningoencephalitis were identified in the initial search. Of those 75 fulfilled inclusion criteria (Figure 1 ), 40 were females (53%) and 35 were males (47%), aged from 7 months to 13 years with a median of 4 years (IQR, 1.6-6.8 years). Twenty-three of 40 (57%) females and 19 of 35 (54%) males were neutered. Body weight ranged from 1.9 to 37.1 kg with a median of 9 kg (IQR, 6.6-19. (1), Golden Retriever (1), Shar-Pei (1), Shetland Sheepdog (1), Staffordshire Terrier (1), and Weimaraner (1). Histopathological diagnosis was available for 6 dogs. Four dogs had GME and 2 NME.
| Clinical presentation and ASS
Thirty-eight (51%) dogs were presented with ASS and 37 (49%) without seizures (Figure 1 ). Dogs with ASS were significantly younger than dogs without seizures (P = .02). The median age of dogs with ASS was Table 2 ). All variables are presented in Table 2A and B in Appendix S1.
| Clinical presentation and risk factors for PEE
Among 61 dogs, which survived the first week, 14 (23%) developed PEE (Figure 1) . Similarly, to dogs with ASS, dogs with PEE were younger than dogs without PEE (P = .03). The median age of dogs with PEE was 2.5 years (IQR, 1.5-4.3 years) and 5 years (IQR, Figure 2 and cortical lesions in Figure 3 .
| MUO treatment
The majority of dogs received treatment with cytosine arabinoside and prednisolone. In the group of dogs with ASS, 32 (84%) were treated with cytosine arabinoside and prednisolone and 6 (16%) with corticosteroids only. In the group of dogs without ASS, 29 (78.3%) received cytosine arabinoside and prednisolone, 7 (19%) had corticosteroids only, and 1 (3%) died before the treatment was initiated. 
| Antiepileptic treatment
Patterns of AED use in dogs with ASS and PEE at discharge after hospitalization for the initial event and at 12-month follow-up are presented in Table 4 . The choice of AED was at the discretion of the clinician in charge of the case or referring veterinarian.
At the time of writing this report, 6 dogs with ASS were still alive and did not experience any further seizures. Three of these dogs continued treatment with AED. Two dogs stopped phenobarbital after 6 and 12 months. One dog discontinued levetiracetam 12 months after diagnosis of MUO.
One dog with PEE did not receive any AED at the time of dis- Phenobarbital and levetiracetam 4 (15) 1 (7) 1 (7) 2 (22) Phenobarbital and potassium bromide 0 (0) 1 (7) 0 (0) 1 (11) Phenobarbital, levetiracetam, and potassium bromide 0 (0) 0 (0) 0 (0) 1 (11) F I G U R E 4 Kaplan-Meier curve used to determine the median overall survival time in all dogs with meningoencephalitis of unknown origin The prevalence of ASS in dogs with MUO in this report was 50%, which is higher than in previously published studies, in which it ranged from 23% to 37.5%. 21, 22 Similar variations between studies have been reported in human medicine and could be due to differences in inclusion criteria. [11] [12] [13] [14] [15] [16] Interestingly, the presence of ASS was a major risk factor for PEE in this study. This finding is in agreement with previous studies in humans in which patients with seizures in the acute phase of encephalitis were much more likely to develop seizures in longterm follow-up compared to patients without seizures. 11, 15, 16 In human medicine, focal seizures are associated with seizure recurrence not only in PEE but also in other types of epilepsies. 15, 16, 33 In this study, 42% of dogs experienced both generalized and focal sei- The present study showed that the proportion of dogs with ASS and PEE was higher among young individuals. Young age was also reported as 1 of the predictors of seizures in viral or nonspecific encephalitis in human studies. 34 These results are in contrast to data obtained from studies on animal models, where older rats were found more susceptible to seizure induction than their younger counterparts. 35, 36 In a previous study of Pugs with NME, all dogs presented with seizures. 37 Unfortunately, due to the low number of cases with a confirmed histopathological diagnosis in the present study, it was not possible to evaluate the effect of type of inflammatory CNS disease (NME versus GME) on PEE. The cause of encephalitis remains unexplained in 20%-60% of human cases. [38] [39] [40] However, the etiology of encephalitis plays an important role in determining the prevalence of seizures and subsequent epilepsy. In a recent study on drugresistant PEE in children, herpes virus encephalitis and encephalitis of unknown etiology were the most common causes, with a prevalence of drug-resistant epilepsy of 33% and 20%, respectively. 15 In a study focused on the adult population, the prevalence of PEE among patients with autoimmune encephalitis reached 46.5% and with infectious encephalitis 34.9%. 16 The only imaging predictive factor of PEE in dogs in this study, which remained significant on multivariate analysis, was the presence of lesions affecting the hippocampus. This finding is similar to those of a recent study on childhood drug-resistant PEE. 15 Although the presence of brain abnormalities on MRI following a single seizure or SE is considered as the origin of epilepsy, 41 In this study, we classified bilateral, evenly distributed, and symmetrical changes in the hippocampi as postictal hence more likely to be related to seizure and not the inflammatory process itself. It has been reported that postictal changes in dogs can be appreciated in piriform lobes, temporal lobes, hippocampus, and cingulate gyrus and usually resolve within 16 weeks. 26 Therefore, the presence of concomitant postictal changes in piriform lobes and cingulate gyri, with the same MRI signal characteristics of hippocampus, was used as well to support the classification of hippocampal changes as postictal.
We also recognize that unilateral hippocampal changes could have been postictal and not necessarily lesion-related. In the present study, the presence of contrast enhancement and involvement of the affected hippocampus in the borders of the neighboring lesion were used to attribute hippocampal MRI abnormality to the lesion itself.
However, not all changes triggered by seizures are reversible. The most commonly described sequel of acute MRI changes is the development of cortical atrophy and gliosis. These permanent changes can lead to further development of an epileptogenic lesion. 41, 42 Therefore, the definitive distinction between postictal and lesion-related changes could only be established based on the histopathological examination findings.
The role of hippocampus in epileptogenesis is well-known. 43 In humans, mesial temporal lobe epilepsy is the most common form of refractory epilepsy. 44 The pathophysiological hallmark of this specific epilepsy is sclerosis of the hippocampus. However, the exact mechanisms responsible for the development of epilepsy might differ depending on the degree of hippocampal sclerosis and underlying etiology. 45 An early initial CNS insult can lead to further development of late-onset of epilepsy, 46 or antibody-mediated limbic encephalitis can be the cause of mesial temporal lobe epilepsy. 47 In veterinary medicine, limbic encephalitis with voltage-gated potassium channel antibodies has been described only in cats. 48, 49 Considering the lack of subsequent imaging studies, CSF analysis, and histopathological examination of the brain tissue, it is impossible to state whether the pathophysiological mechanism of subsequent PEE in our study was the result of irreversible changes in the brain, particularly in the hippocampus, temporal and frontal lobes, or caused by chronic ongoing inflammation.
Median overall survival time of all dogs in this study was 103 weeks.
Dogs with features of increased intracranial pressure, particularly caudal transtentorial brain herniation and loss of cerebral sulci on MRI, were at a higher risk of death. Acute symptomatic seizures were not associated with death in the course of MUO. These results are consistent with 1 report on prognostic factors and outcome using a standard treatment protocol, which was used for the majority of the cases also in our study. 4 However, in the majority of previously published studies, the presence of seizures was linked to death or poor outcome in dogs with MUO. [21] [22] [23] The lack of association between ASS and mortality in our study could arise from differences in inclusion criteria between studies. In order to include only cases with the inflammatory process, results of CSF analysis were required for inclusion in the present study. Therefore, we might have excluded cases with a more severe clinical picture and being at risk of deterioration following CSF collection.
In previously published studies, 4,50-53 the combination of prednisolone with cytosine arabinoside improved survival times in dogs with MUO. In this study, the majority of dogs were also treated with cytosine arabinoside and prednisolone. Treatment with corticosteroids only was associated neither with mortality in the course of MUO (P = . 16) nor with the development of PEE (P = .66). However, the duration of the treatment and intervals between cycles varied between individuals.
Therefore, the direct comparison of survival times and risk factors of PEE between dogs treated with cytosine arabinoside combined with prednisolone or corticosteroids only was not performed as it could lead to inaccurate results and limit the study population.
An important aspect of treatment in dogs with MUO and seizures is treatment with AED. The long-term use of AED is recommended in case of an identifiable structural brain lesion or history of brain insult. 54 The optimum type and duration of AED treatment for patients with ASS or PEE have not been established in either veterinary or human medicine. 17, 28 However, it has been reported in humans that aggressive control of ASS, particularly SE, plays a crucial role in the prevention of the development of drug-resistant epilepsy. 55 In this study, of 7 dogs that experienced SE, 3 dogs died within the first 24 hours and 2 developed PEE. Currently, there are no evidence-based guidelines on the choice of AED in veterinary medicine regardless of the cause of epilepsy. 54, 56 In this study, following initial stabilization, a greater number of dogs with seizures received phenobarbital followed by levetiracetam.
Approximately 21% of dogs with PEE developed drug-resistant epilepsy; however, the same percentage of dogs required only 1 AED and 28% required 2 AED to control the seizures satisfactorily.
Limitations of the present study include its retrospective nature and small sample size. Currently, there is no consensus on the definition of the time period preceding PEE. Definitions vary between studies and depend mainly on the duration of the follow-up period and AED treatment used. [11] [12] [13] [14] [15] [16] Therefore, seizures that occur just outside the subjectively defined time period could still be related to an active phase of the inflammatory process. We decided to follow the most commonly acknowledged definition from the human literature, and we chose a 7-day cutoff period. 5, 9, 10, 29 However, we recognize that this could be controversial, particularly for 2 cases with PEE which experienced the first seizure episode 8 and 10 days after diagnosis. Therefore, one could argue that these 2 cases should be included in the ASS group. Prospective, multicenter studies are recommended with a larger number of cases and standardized treatment and investigation protocols to fully determine the risk factors and prevalence of PEE in dogs with MUO. Moreover, the guidelines for the use of AED need to be established further.
Seizures
| CONCLUSION
In the present study, half of the dogs with MUO experienced ASS and almost 1 /4th developed PEE. The presence of ASS and hippocampal lesions on MRI was the strongest predictors of PEE. Dogs with PEE were younger and had a significantly shorter survival time when compared to dogs without PEE.
This high prevalence of both seizures and epilepsy has significant implications on the management and prognosis of dogs with MUO, as it carries the potential to provide an additional burden to an already unpredictable disease. Although some cases developed drug-resistant epilepsy, the vast majority (79%) of cases with PEE achieved satisfactory seizure control with AED treatment.
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